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BACKGROUND: Rice bran (RB), a by-product of rice milling industry, constitutes around 
10% of the total weight of rough rice. The interest in the use of RB is centered on its nutritional 
quality, its low cost and its worldwide extensive production. As RB is commonly used for oil 
extraction, the defatted rice bran (DRB) is obtained as a second by-product. The aim of this 
work was to obtain a defatted rice bran concentrate (DRBC), enriched in protein and fiber, from 
defatted rice bran flour (DRBF) and to determine its physicochemical and emulsifying 
properties. 
RESULTS: To obtain the DRBC, the starch was efficiently hydrolyzed (> 98%) with α-
amylase and amyloglucosidase, with the concomitant increase of crude protein (from 154.7 to 
274.3 g kg-1) and total dietary fiber (from 276.1 to 492.3 g kg-1) proportions. DRBC exhibited a 
loss of protein solubility and increased surface hydrophobicity compared with DRBF. DRBC 
dispersions with and without previous ultrasound treatment were prepared. The sonication led to 
an increase in the apparent viscosity. Emulsions were prepared with dispersions with and 
without previous ultrasound treatment and showed high stability in quiescent conditions during 
28 days. However, the emulsions prepared with dispersions treated with ultrasound resulted in 
lower D4,3 values and higher elastic and viscous moduli.  
CONCLUSION: The rice bran concentrate can be used to obtain stable O/W emulsions, 
including both fractions, soluble and insoluble, in acidic and neutral conditions. Thus, these 
innovative findings contribute to increase the added value of this important by-product of rice-
milling industry. 
KEYWORDS: Oryza sativa; industrial by-product; fiber and protein concentrates; O/W 
emulsions.  




Rice (Oryza sativa) is the staple food for more than half of the population and is therefore 
one of the most produced cereals in the world.1 As it is mainly consumed white, rice bran (RB) 
is obtained as a by-product in the rice milling process,2 representing 10% of the grain weight.3 
The interest in the use of RB for food elaboration is centered on its nutritional quality, its 
low cost as well as its worldwide extensive production. Rice bran proteins, which represent 11-
16% of the RB total weight,4,5 have a higher nutritional quality than other vegetable proteins.6 
These proteins are easily digested (>90%), hypoallergenic and present anticancer activity.7 The 
total dietary fiber content represents 27-33% of the RB total weight, where 94% corresponds to 
insoluble dietary fiber and 6% to soluble dietary fiber. The insoluble dietary fiber is mainly 
composed of 33% cellulose, 55% hemicellulose and 6% lignin.2,8 
As RB is commonly used for oil extraction, the defatted rice bran (DRB) is obtained as a 
second by-product.7 Because of the oil removal, there is a change in the relative amount of 
nutrients of DRB, leading to higher contents of crude protein, ash, total dietary fiber, as well as 
higher availability of Ca and Fe and higher protein digestibility.9 Prior to oil extraction, a heat 
stabilization process of rice bran is necessary to inhibit oil deterioration by enzymatic 
inactivation. This treatment usually leads to protein denaturation and enhances the linkages 
among proteins and carbohydrates or other components making more difficult the protein 
extraction.10–12 The loss of protein solubility due to protein denaturation during heat stabilization 
was reported earlier by other authors.13,14 
Various enzymatic chemical and physical methods have been used for the extraction and 
concentration of proteins and dietary fiber.15,16 The main advantage of enzymatic methods is the 
fact that proteins are not exposed to alkaline conditions avoiding not only the formation of 
undesirable substances, but also the loss of nutritional characteristics.17 
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The use of proteins and polysaccharides from vegetable sources as ingredients in foods 
gives them an added value at low cost of production.2 These components possess functional 
properties that provide desirable attributes to the food products. In general, proteins and 
polysaccharides are added as stabilizers, emulsifiers, thickeners and texture improving agents.18  
The emulsification is related to the surface-active behavior of the components and hence, it 
is important to the formulation of traditional and novel food emulsions.19 
In this regard, the addition of polysaccharides in foods is usually limited by their physical 
and chemical characteristics, which reinforces the need to apply treatments that allow their use, 
such as the reduction of particle size by ultrasound treatments.15 Proteins are used as emulsifiers 
due to their ability to prevent droplet aggregation and coalescence,20 whereas, only 
polysaccharides with sufficient hydrophobic characteristics or those that are linked to proteins 
enable the formation of stable emulsions by adsorbing them at the oil/water interface. Hence, 
polysaccharides are usually incorporated to emulsions to stabilize the droplets by increasing the 
viscosity of the continuous phase.21  
The studies concerning with the assessment of the emulsifying functional properties of rice 
bran protein isolates or soluble protein concentrates have been addressed22–25 but none of these 
has considered to evaluate the impact of the presence of fiber on the aforementioned properties.  
On the basis of above considerations, the aim of this work was to obtain a defatted rice bran 
concentrate (DRBC), enriched in protein and fiber, from defatted rice bran flour (DRBF) and to 
determine its physicochemical and emulsifying properties allowing a better use of this by-
product. 
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2. Materials and methods  
2.1. Materials 
2.2. The DRB from the variety El Paso 144 used in this study was donated 
by a company that produces rice bran oil. α-amylase (from Bacillus 
lincheniformis, EC 3.2.1.1, 11,350 units mL-1), amyloglucosidase (from 
Aspergillus niger, EC 3.2.1.3, 237.7 units mL-1), bicinchoninic acid (BCA) 
and 1-anilino-8 naphthalenesulfonic acid (ANS) were purchased from 
Sigma-Aldrich (St. Louis, MO). Bovine serum albumin (BSA) was 
purchased from GIBCO BRL (Germany). All chemicals used were of 
analytical grade.Preparation of DRBF and DRBC samples 
Firstly, the defatted rice bran flour (DRBF) was obtained by sieving the defatted rice bran 
(DRB) (0.355 mm ASTM). To obtain the defatted rice bran concentrate (DRBC), the starch was 
enzymatically hydrolyzed.26 DRBF was dispersed in distilled water (100 g L-1) for 1 h under 
magnetic stirring at room temperature. The pH was adjusted to 5.5 with 2.0 mol L-1 HCl 
solution and a treatment with α-amylase at 1 mL L-1 was performed for 60 min at 95 °C. Upon 
cooling to room temperature, pH was adjusted to 4.5 with 2.0 mol L-1 HCl solution. The 
dispersion was subsequently incubated with 10 mL L-1 amyloglucosidase for 30 min at 60 °C. 
The precipitation of the fiber and water-soluble proteins was carried out with the addition of 710 
mL L-1 ethanol for 24 h. After the centrifugation of the resulting dispersion (10,000×g, 20 min, 
20 °C) the supernatant, which was mainly enriched in simple sugars and minerals, was 
discarded. The precipitate was recovered and washed with 950 mL L-1 ethanol-distilled water at 
ratio of 3:1, to eliminate the simple sugars. The precipitate was dried at 40 °C to remove ethanol 
and subsequently dispersed in distilled water (100 g L-1) adjusting the pH to 8.0 with 2.0 mol L-1 
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NaOH solution. The resultant aqueous dispersion was lyophilized (Biobase BK-FD10S, China) 
to obtain the DRBC. Recovery yield was calculated as gram of DRBC per kg of DRBF. 
Moreover, to determine the recovery yield of the soluble and insoluble fractions of DRBC, the 
aqueous dispersion was centrifuged (10,000×g, 40 min, 20 ºC). The soluble fraction 
(supernatant) and insoluble fraction (pellet) were then lyophilized and the recovery yields were 
calculated as gram of soluble DRBC per kg of DRBC and gram of insoluble DRBC per kg of 
DRBC respectively. 
2.3. Proximate composition  
The proximate composition of DRBF and DRBC was determined following standard 
methods27: crude protein content by the Kjeldahl method (N×5.95)28, total dietary fiber (soluble 
+ insoluble) according to Prosky method, lipids by Soxhlet extraction with hexane as solvent, 
moisture content by oven drying at normal pressure (105 ± 2 °C), and total ash by dry-ashing at 
550 ± 10 °C. Carbohydrates (non-fiber) content was determined by difference. The removal 
efficiency of non-fiber carbohydrates was expressed as the percentage of the non-fiber 
carbohydrates in the DRBC respect to DRBF.  
2.4. Differential Scanning Calorimetry (DSC) 
The peak temperature (Tp, °C) of the endothermic peaks and specific and total enthalpy 
(ΔH, J g-1 dry matter) of DRBF and DRBC dispersions were obtained from thermograms 
analysis and determined using a calorimeter (DSC Q200 TA Instruments, LLC Waters, United 
States). Aqueous dispersions of DRBF and DRBC were prepared in distilled water at 250 and 
200 g L-1 respectively. Approximately 12 mg of sample were placed in standard hermetic 
aluminum pans. An empty aluminum pan was used as reference. The thermograms were 
obtained at a heating rate of 5 °C min-1 in the range of 10-130 °C.28,29 The Tp and ΔH were 
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obtained from the analysis of thermograms with the Universal Analysis 2000 software (TA 
Instruments, LLC Waters, United States). 
2.5. Protein solubility (PS) 
DRBF and DRBC samples were dispersed (10.0 g L-1) in 10.0 mmol L-1 citrate phosphate 
buffer (CPB) at pH 4.5, which is reported as the isoelectric point (pI) of isolated rice bran 
proteins, or pH 7.0.22 The dispersions were kept under stirring for 60 min at room temperature, 
and finally centrifuged (10,000×g, 10 min, 20 °C). The protein content in the supernatant was 
determined by the BCA method using a commercial kit (B9643; Sigma-Aldrich, MO, United 
States).30 BSA was used as standard protein. The absorbance was read at 560 nm in a microplate 
reader (Thermo ScientificTM MultiskanTM FC, Finland). The PS was calculated as gram of 
soluble protein per kg of the total protein. Total protein content was determined by Kjeldahl 
(N×5.95). 
2.6. Surface hydrophobicity (H0) 
Aromatic surface hydrophobicity was determined on soluble protein fraction of samples 
prepared as detailed in section 2.5, according to Fernández-Fernández et al.31 based on 
fluorescence measurements with the ANS probe in a spectrofluorometer (Infinite M200 PRO 
Tecan Group Ltd., Switzerland). The protein concentration in the supernatant was determined 
by the BCA method (section 2.5). 
2.7. Determination of ζ-potential  
Samples of DRBF and DRBC were dispersed in distilled water (0.5 g L-1) and centrifuged 
(10,000×g, 10 min, 20 °C) in order to determine ζ-potential of the soluble fraction. The pH of 
these samples was adjusted in the range 2.0-10.0 with 0.1 mol L-1 HCl or NaOH solutions; the 
dispersions were kept under magnetic stirring for 1 h at room temperature. The ζ-potential was 
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determined from its electrophoretic mobility, using a nano-particle analyzer (Horiba SZ-100, 
Horiba Ltd., Japan). 
2.8. Preparation of DRBC aqueous dispersions  
Aqueous dispersions (4.0 g L-1 of soluble protein) were prepared in CPB at pH 4.5 or 7.0 by 
magnetic stirring for 1 h at room temperature, and were denominated d4.5 and d7.0. The sample 
concentration was previously determined to be optimal to form a stable emulsion (data not 
shown). Sodium azide (0.2 g L-1) was added to retard the microbial growth. Other dispersions, 
named as ds4.5 and ds7.0, were prepared in CPB at pH 4.5 or 7.0, respectively and were 
homogenized by ultrasound treatment (Sonic Vibra Cell VCX750, Sonics & Materials Inc., 
United States) in a 50 mm diameter glass beaker. For this, a 2-min cycle was applied with on: 
off sequences of 15 and 20 s, 20 kHz, at a power level of 70% and a total power delivered of 58 
W. Temperature was controlled (< 35 °C) using a water-ice bath.  
2.9. Flow behavior of aqueous dispersions 
Flow behavior of the dispersions was evaluated using a rheometer (Anton Paar Physica 
301, Anton Paar, Austria) equipped with a concentric cylinder geometry (DG26.7/1). The flow 
curves (shear stress, τ vs. shear rate, γ) were performed at 24 °C. The shear rate was firstly 
increased from 1 to 200 s-1 and finally decreased from 200 to 1 s-1.  
2.10. Preparation of O/W emulsions  
Emulsions were prepared with the DRBC dispersions as continuous phase, and refined 
sunflower oil as dispersed phase (oil mass fraction, φm = 0.25). Emulsions prepared with d4.5, 
d7.0, ds4.5 and ds7.0 were named as eI4.5, eI7.0, eII4.5 and eII7.0, respectively. In all cases, a pre-
emulsion was prepared by high-speed homogenization (Ultraturrax T-25, S 25 N-10 G 
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dispersion tool, IKA Labortechnik, Germany) at 20,000 rpm for 2 min. Subsequently, this pre-
emulsion was homogenized by ultrasound as detailed for the dispersion in section 2.8.  
2.11. Evaluation of DRBC emulsifying properties  
2.11.1. Optical characterization  
The destabilization process of the emulsions in quiescent conditions was analyzed from 
their backscattering (%BS) profiles during 28 days at 24 ± 2 °C.32 The %BS was measured 
using a vertical scan analyzer (TurbiScan Classic MA 2000, Formulaction, France), according 
to multiple light scattering theory.33 The stability against creaming was evaluated from the 
variation of BS profiles as a function of storage time.34,35 Average %BS values in the lower zone 
of the tube (at a height of 10 mm) were calculated using the TurbiSoft® v 1.2.1 software 
(Formulation, France). 
2.11.2. Particle size distribution 
Particle size distribution (PSD) of the emulsions at the beginning and the end of the 
quiescent storage was determined using a particle size analyzer (Coulter LS 230, Beckman 
Coulter Inc., United States) with Fraunhofer optical model, and was expressed as volume (%). 
From PSD, the De Brouckere, volume-weighted, mean diameter (D4,3) was obtained. 
2.11.3. Rheological behavior of emulsions 
On freshly-made emulsions, a frequency sweep test was performed at 24 °C using a 
rheometer (Anton Paar Physica 301, Anton Paar, Austria) associated to a parallel-plate 
geometry (PP25/TG, gap 1000 μm, diameter 25 mm). The experimental data were obtained by 
recording the storage or elastic modulus (G') and the loss or viscous modulus (G") as a function 
of the oscillation frequency (0.1-20.0 Hz) within the range of linear viscoelasticity, previously 
determined by stress sweep tests (strain = 1.0%). 
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2.12. Statistical analysis 
All determinations were made in triplicate. Results were expressed as mean values ± 
standard deviation. Significant differences among mean values (P < 0.05) were determined by 
means of the analysis of variance (ANOVA) and the Tukey test (Infostat v. 2015, Universidad 
Nacional de Córdoba, Argentina). 
3. Results and discussion 
3.1. Characterization of DRBF and DRBC samples 
3.1.1. Recovery yield and proximate composition  
The removal efficiency of non-fiber carbohydrates by the action of the α-amylase and 
amyloglucosidase enzymes on the starch was greater than 98% (Table 1). A previous study has 
reported a removal efficiency of 75% applying only the α-amylase treatment,36 suggesting that 
the combination of hydrolysis with α-amylase and amyloglucosidase is a more suitable strategy 
for starch removal from DRBF. Moreover, the removal of non-fiber carbohydrates enhanced the 
crude protein, ash and total dietary fiber proportions in DRBC when compared to DRBF (P < 
0.05). Conversely, the fat content of both samples was similar (P > 0.05, Table 1). The recovery 
yield of DRBC was 560.9 ± 26.7 g kg-1 of DRBF. The soluble and insoluble fractions recovery 
yield in the DRBC was 90.2 ± 3.1 g kg-1 and 909.8 ± 22.4 g kg-1 respectively.  
Table 1 
3.1.2. Differential scanning calorimetry 
The DSC tests showed that DRBF had two endothermic peaks, one at 70.0 ± 1.3 °C, that 
would correspond to the gelatinization of the native starch,37 and the second one at 91.9 ± 1.0 
°C, which could probably be attributed to protein denaturation.28 This sample showed a total 
enthalpy of 2.2 ± 0.2 J g-1 (dry basis), and a ΔH associated to the protein denaturation of 0.49 ± 
0.01 J g-1 (dry basis). The DRBC sample did not show any endothermic transitions, suggesting 
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the absence of starch removed by the action of amylases, as well as the presence of fully 
denatured proteins. Unlike DRBF, DRBC showed an exothermic transition at an initial 
temperature of 61.2 ± 4.2 °C and a Tp at 83.1 ± 1.1 °C (Fig. 1). This fact could be associated to 
an aggregation process of the previously denatured proteins caused by the release of energy in 
structure formation with an associated enthalpy of 17.6 ± 0.7 J g-1 (dry basis).29 
Figure 1 
3.1.3. Protein solubility, surface hydrophobicity and ζ-potential  
DRBC exhibited a noticeable loss of PS, which is probably associated to heating and 
ethanol treatments necessary to obtain the concentrate (Table 2). In fact, protein denaturation 
was confirmed by DSC as mentioned above (Fig. 1). These treatments would favor protein-
protein interactions promoting aggregation and precipitation via hydrophobic interactions with 
the concomitant loss of solubility.38  
In addition, H0 was higher in DRBC than in DRBF at both pH (P < 0.05, Table 2). 
Hydrophobic amino acids tend to be located in the core of the structure in native proteins in 
order to avoid their exposure to the hydrophilic environment, a situation that is 
thermodynamically unfavorable.39 For DRBC, the protein denaturation induced by the 
extraction procedure increased the surface exposure of these hydrophobic residues which led to 
a higher H0 and a lower PS.40 The PS of DRBC at pH 7.0 was slight, but significantly lower than 
that at pH 4.5 (P < 0.05), suggesting that the surface exposure of the hydrophobic residues is 
higher at pH 7.0. 
Moreover, for DRBF and DRBC samples, the ζ-potential of the soluble fraction was 
measured, obtaining a pI value of 3.0 without significant differences between them (P > 0.05). 
Although the reported pI in the literature is 4.5 for isolated rice bran proteins22, it should be 
noticed that in this study, the defatted rice bran used was subjected to a heat stabilization 
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process, and it is well known that it induces protein denaturation with the concomitant change 
of pI. Studies by Xia et al. using rice bran protein isolate prepared from heat-stabilized rice bran 
reported a pI value of 3.5.10 Another study carried out on the soluble fraction of protein 
hydrolysates of rice bran reported pI values between 2 and 3, and suggests that the presence of 
charged carbohydrates in the samples could influence the ζ-potential.41  
Above pH 3.0, negative ζ-potential values were obtained for both samples, but they 
increased with increasing pH only for DRBC (Table 2), presumably due to the electrostatic 
repulsion between protein molecules and charged carbohydrates. 
Although the DRBC exhibited more negative ζ-potential values than those of DRBF, the 
PS of DRBC was noticeably lower (Table 2). In this regard, the attractive hydrophobic 
interactions have a key role in promoting the loss of PS. This observation was supported by the 
higher H0 for DRBC, as was mentioned above. 
Table 2 
3.2. Characterization of dispersions 
3.2.1. Rheological properties of dispersions  
Firstly, the flow behavior of the dispersions, used as continuous phase in the preparation of 
emulsions, was analyzed (Fig. 2A and B). All the dispersions behaved as pseudoplastic fluids 
and the hysteresis was also consistent with a thixotropic behavior.42 This flow behavior is 
characteristic of dispersions that contain particles of biopolymers aggregated by weak forces.43 
The shear treatment causes the aggregated particles to deform and break progressively, which 
decreases the resistance to flow and, therefore, causes a reduction in viscosity over time.42  
It was also observed that dispersion prepared at pH 7.0 had a higher viscosity that 
dispersion prepared at pH 4.5 (P < 0.05). Due to the lower PS of DRBC at pH 7.0, it was 
necessary to weight a higher amount of DRBC at pH 7.0 than at pH 4.5, to obtain the same 
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soluble protein content (4.0 g L-1) at both pH. Thus, the increase of total solids in the 
dispersions, which was in agreement with an increase of polysaccharides and insoluble protein, 
affected their flow behavior.44,45 It was also observed that the sonicated dispersions had higher 
viscosity values than the untreated ones. This result would be consistent with a decrease of size 
of insoluble particles induced by the sonication, which would promote a higher molecular 
entanglement. 
Figure 2 
3.3. Emulsifying properties of DRBC 
3.3.1. Optical characterization  
The %BS profiles and average values showed constant BS values along the entire tube 
during 28 days of quiescent storage, without significant differences (P > 0.05) for all emulsions. 
The eI emulsions presented lower values of BS than the eII ones at both pH in the lower zone of 
the tube (10 mm) (Fig. 3, P < 0.05). The BS variation against time allows to discriminate 
between processes of particle migration (sedimentation and creaming) and variation of particle 
size due to flocculation and coalescence.32 No changes were observed both in the %BS profiles 
and %BS average values, so that the emulsions were stable against creaming and coalescence. 
Porfiri et al., working with insoluble polysaccharides fractions obtained from soybean, reported 
similar BS values for emulsions prepared under similar conditions.20  
Figure 3 
3.3.2. Particle size analysis 
The comparative analysis of the particle size of emulsions was assessed. In all cases, the 
PSD were multimodal, with particle populations in the range from 3.0 to 220.0 µm. A similar 
behavior was reported by Leiva and Geffroy.46 Emulsions prepared with sonicated dispersions 
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(eII4.5 and eII7.0) showed significantly lower D4,3 values (P < 0.05) than those prepared with the 
dispersions, without any previous treatment (eI4.5 and eI7.0) (Fig. 4A and B). 
Figure 4 
Due to the complexity in the composition of the DRBC, the observed decrease in D4,3 
caused by the previous ultrasound treatment on the dispersions may be a combination of at least 
two factors that are not independent: first, the particle disintegration of the polysaccharides15 
and insoluble proteins, and second, the more efficient interfacial adsorption during the 
emulsification process as well as the formation of smaller droplets. Reducing the particle size 
would increases the surface area and would allow more surface interaction with oil.2,20 
Nevertheless, after quiescent storage (28 days), the D4,3 of all emulsions was similar respect to 
that of freshly-made ones (P > 0.05, Fig. 4), indicating that emulsions were stables regardless of 
the previous sonication of the dispersions. These results were consistent with those obtained 
using the vertical scan analyzer (Fig. 3).  
3.3.3. Rheological properties of emulsions 
The frequency sweep tests, for all cases, showed that the storage modulus was larger than 
the loss modulus (G' > G") maintaining this behavior throughout the frequency range (Fig. 5). 
This observation indicates the formation of a strong gel-like material, which is directly related 
to the presence of hydrated flocs in all emulsions, confirmed by optical microscopy at the 
beginning of storage (data not shown).47 At both pH, this rheological behavior was enhanced in 
the emulsions prepared with sonicated dispersions due to the greater interaction between 
droplets of smaller size (Fig. 4). However, G’ values were higher for emulsions prepared with 
dispersions obtained with and without ultrasound treatment a pH 7.0 (eI7.0 and eII7.0), which 
would be in agreement with the increase of the amount of insoluble proteins and 
polysaccharides, being these articles capable of interacting closely with the droplet. Therefore, 
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for all emulsions, the rheological behavior depends on the concentration of polysaccharides and 
the physical treatment applied to the dispersion, indicating a behavior with elastic rather than 
viscous characteristics in all samples and the gradual increase in stiffness.48 Moreover, although 
the emulsions were initially flocculated and the droplets were close together during storage, the 
presence of insoluble protein and polysaccharides would avoid the coalescence of the droplets 




Concentrates rich in dietary fiber and proteins were obtained from a waste of the rice 
industry with a promising use as a food ingredient, increasing the added value of this important 
by-product. The high content of insoluble fraction observed in the DRBC highlights the 
importance of using the whole concentrate for the preparation of functional foods. Moreover, 
the low non-fiber carbohydrates content in the concentrate ensures the development of low-
calories food products. The high stability of the emulsions in quiescent conditions may be due 
to the effective steric barrier generated by the presence of fiber carbohydrates in the 
concentrates, which could decrease the frequency of collision between the drops by increasing 
the viscosity of the continuous phase and/or by its interfacial activity associated to proteins. 
Emulsions treated with ultrasound enabled a greater disintegration and/or a decrease in the size 
of the polysaccharides leading to a better rearrangement of the oil droplets, which resulted in an 
increase of the apparent viscosity of the continuous phase as well as higher elastic and viscous 
moduli of the emulsion. The innovative findings of this study demonstrated that the DRBC 
could be used to prepare highly stable O/W emulsions both in acidic and neutral conditions. 
Considering that DRBC showed an aggregation process at 83 °C, this concentrate would be 
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suitable for food product formulations that do not require heat treatments at temperatures higher 
than 83 °C. 
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Figure and table captions 
Figure 1. Thermograms of defatted rice bran flour (DRBF) and concentrate (DRBC) aqueous 
dispersions (250 and 200 g L-1 in distilled water) obtained by differential scanning calorimetry. 
Figure 2. Flow behavior of dispersions of defatted rice bran concentrates (DRBC) without (d) 
and with ultrasound treatment (ds) at pH 4.5 and 7.0; A) shear stress as a function of shear rate 
(up and down curves, full and open symbols, respectively) and B) apparent viscosity as function 
of shear rate. The values are the mean of three independent determinations (n = 3). 
Figure 3. Back scattering (%BS) profiles and %BS average values of initial and stored (28 days 
in quiescent conditions) of O/W emulsions (φm = 0.25) obtained by mixing oil and aqueous 
dispersions without (eI, A and B) and with previous ultrasound treatment (eII, C and D) at pH 
4.5 and 7.0. The %BS average values were calculated in the lower zone of the tube (10 mm) and 
are the mean of three independent determinations (n= 3) ± standard deviation. 
Figure 4. De Brouckere, volume-weighted, mean diameters (D4,3) of O/W emulsions (φm: 0.25) 
prepared by mixing oil and aqueous dispersions without (A) and with (B) previous ultrasound 
treatment at pH 4.5 and 7.0. The values are the mean of three independent determinations (n = 
3) ± standard deviation. Different letters between bars at the same storage time show significant 
differences (P < 0.05) as determined by the Tukey Test. Different numbers within each 
emulsion show significant differences between the two storage times (P < 0.05) as determined 
by the Tukey Test. 
Figure 5. Frequency sweep tests, storage (G’) and viscous modulus (G’’) as a function of the 
oscillation frequency (0.1-20 Hz) for O/W emulsions (φm: 0.25) prepared by mixing oil and 
aqueous dispersions without (eI) and with (eII) previous ultrasound treatment, at pH 4.5 and 
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7.0. The nomenclature of emulsions was defined in the section 2.10. The values are the mean of 
three independent determinations (n = 3). 
Table 1. Recovery yield (g kg-1 dry matter) and proximate composition (g kg-1 dry matter) of 
defatted rice bran flour (DRBF) and concentrate (DRBC).  
Table 2. Protein solubility (PS), surface hydrophobicity (H0) and ζ-potential values of defatted 
rice bran flour (DRBF) and concentrate (DRBC). 
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Figure 1. Thermograms of defatted rice bran flour (DRBF) and concentrate (DRBC) aqueous 
dispersions (250 and 200 g L-1 in distilled water) obtained by differential scanning calorimetry. 
 
  




Figure 2. Flow behavior of dispersions of defatted rice bran concentrates (DRBC) without (d) 
and with ultrasound treatment (ds) at pH 4.5 and 7.0; A) shear stress as a function of shear rate 
(up and down curves, full and open symbols, respectively) and B) apparent viscosity as function 
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Figure 3. Back scattering (%BS) profiles and %BS average values of initial and stored (28 days 
in quiescent conditions) of O/W emulsions (φm = 0.25) obtained by mixing oil and aqueous 
dispersions without (eI, A and B) and with previous ultrasound treatment (eII, C and D) at pH 
4.5 and 7.0. The %BS average values were calculated in the lower zone of the tube (10 mm) and 











































































Figure 4. De Brouckere, volume-weighted, mean diameters (D4,3) of O/W emulsions (φm: 0.25) 
prepared by mixing oil and aqueous dispersions without (A) and with (B) previous ultrasound 
treatment at pH 4.5 and 7.0. The values are the mean of three independent determinations (n = 
3) ± standard deviation. Different letters between bars at the same storage time show significant 
differences (P < 0.05) as determined by the Tukey Test. Different numbers within each 
emulsion show significant differences between the two storage times (P < 0.05), as determined 



















































Figure 5. Frequency sweep tests, storage (G’) and viscous modulus (G’’) as a function of the 
oscillation frequency (0.1-20 Hz) for O/W emulsions (φm: 0.25) prepared by mixing oil and 
aqueous dispersions without (eI) and with (eII) previous ultrasound treatment, at pH 4.5 and 
7.0. The nomenclature of emulsions was defined in the section 2.10. The values are the mean of 

















eII7.0 G' eI7.0 G' eII4.5 G' eI4.5 G'
eII7.0 G'' eI7.0 G'' eII4.5 G'' eI4.5 G''








DRBF - 33.6 ± 0.3a 154.7 ± 0.2a 113.4 ± 1.3a 276.1 ± 0.9a 422.5 ± 0.2b 
DRBC 560.9 ± 27.0 35.0 ± 1.2a 274.3 ± 3.5b 193.4 ± 1.4b 492.3 ± 5.2b 4.9 ± 4.2a 
Mean values (n=3) ± standard deviation with different letters in each column are significantly 
different (P < 0.05), as determined by the Tukey test. 
* Calculated by difference.  




 PS H0 ζ-potential (mV) 
 pH 4.5 pH 7.0 pH 4.5 pH 7.0 pH 4.5 pH 7.0 
DRBF 355 ± 7b,1 345 ± 6b,1 14,444 ± 208a,1 15,650 ± 592a,2 -44.0 ± 1.0a,1 -44.8 ± 0.1a,1 
DRBC 102 ± 1a,2 91 ± 6a,1 18,891 ± 140b,1 21,235 ± 1,103b,2 -58.3 ± 0.4b,1 -70.1 ± 1.6b,2 
Mean values (n= 3) ± standard deviation with different letters in each column are significantly 
different (P < 0.05), as determined by the Tukey test. Mean values (n= 3) ± standard deviation 
with different numbers in rows are significantly different (P < 0.05), as determined by the 
Tukey test. PS calculated as gram of soluble protein per kg of the total protein. 
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